Three-phase power electronics converters (PECs) are commonly used as an interconnection of DC loads/sources with the electrical AC power system. Their important goal is to ensure three-phase symmetrical and pure sinusoidal grid current waveforms. Unfortunately, frequent adverse of grid voltage conditions like the occurrence of higher order harmonics and dips/sags leads to problems in maintaining high-quality parameters of current and stable operation of PEC. Therefore, a more complex control algorithms are usually used to solve those problems. In this paper, effective and simple control is proposed to mitigate grid current distortions caused by grid-voltage harmonics. This improvement of current quality can be easily obtained in control of grid-connected PEC using only band notch filtered grid voltage as a feedforward without any additional control loops parallel connected to linear current controllers (tuned to fundamental frequency). Theoretical analysis with simulation and experimental investigations are presented, which prove very good properties and advantages of the proposed control idea.
I. INTRODUCTION
Power electronics converters (PECs) make the electrical distribution grid more flexible by the integration of different types of sources, loads, digital control modules. Electrical energy can be more accurately monitored and managed at every processing step, from generation through distribution, conversion, and storage to consumption [1] , [2] . Adaptation of PECs to the existing state of distribution system demand many challenges in order to maintain high power quality and efficiency as well as high reliability and low cost in comparison to currently used technology.
Grid-connected PECs should fulfill grid code IEEE 519-2014 and/or IEC 61000-3-6, what is a challenge for a control system [3] , [4] . They must be capable to keep the referenced value of the current in the whole range of grid The associate editor coordinating the review of this manuscript and approving it for publication was Tariq Masood .
conditions changes at the Point of Common Coupling (PCC). The main threats are varying impedance and grid voltage values. If the control method is not resistant to these issues, PEC will work incorrectly, interrupt the operation or introduce additional current disturbances, which can lead to damage of subsequent devices in the grid.
The crucial element of the grid connected PEC's control is the current controller. In the practical implementation, linear current controllers like Proportional Integral (PI) and Proportional Resonant (PR) are common solutions, due to very good dynamics, accuracy, low computational complexity and simple tuning [5] , [6] . The band of control for these types of controllers is strictly limited to the fundamental frequency. Therefore, if grid voltage is undistorted, there is no problem to obtain pure sinusoidal current waveform. However, if the voltage in PCC contains any higher order harmonic, it causes distorted grid current flow. Based on standards IEEE 519-2014 and IEC 61000-3-6, the total harmonics VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ distortion (THD) of current cannot exceed limit over 5% [3] , [4] . Therefore, the control system of the PEC should contain additional structures used to reduce or eliminate the influence of distorted grid voltage. However, the extension of the control system should not be complex due to the limited computational and time resources of the digital control unit.
Hence a robust control method should be simple for practical/industrial implementation. Most of the common and described in literature methods used to mitigate grid current distortions caused by grid voltage harmonics are based on multiplication of selected linear controllers in stationary or synchronous rotating reference frame by extraction of selected high order harmonics of current and tuning of each dedicated controller to keep error signals at zero level [7] - [11] .
In the case of control in a synchronous rotating reference frame, each current harmonic is extracted by signal transformation to multiple dq synchronous coordinate systems (one rotating reference frame for each harmonic) and processed by dedicated PI controllers. Moreover, if the grid voltage is unbalanced the control system must include separated control loops for positive and negative signal components, which additionally complicate control and leads to the use of a large number of computational resources.
In the case of a stationary αβ reference frame, the current is controlled by PR controllers, which can be realized by Second Order Generalized Integrator (SOGI) used as resonant bank [9] , [10] . PR controller is capable to control positive and negative sequence components simultaneously, what slightly reduces the computational load in comparison to control in a synchronous rotating reference frame. Moreover, a multiresonant controller can be tuned individually for selected harmonics in order to compensate the current distortions [10] . In literature are also proposed a combination of PI and PR controllers in the synchronous rotating frame, where PI is tuned to control fundamental harmonic and PR controllers are tuned to eliminate selected high-order harmonics [12] .
All aforementioned control strategies for mitigation of grid current distortion at distorted voltage needs exact harmonics decomposition of the current waveform, which increases overall control system complexity. Furthermore, the control band of the selected harmonic elimination approach is still limited, and each controller must be tuned individually. Therefore, simple control -which is insensitive for a wide spectrum of voltage distortions -is still demanded by the industry. Some recently developed methods try to solve this issue through the use of measured capacitor current or voltage signals in the LCL filter interconnecting converter and grid, as a feedback control [13] - [16] . They are characterized by the possibility to reduce the current distortions and preventing the resonance in the LCL filter. However, presented solutions are not resistant for all kind of grid voltage distortions, they are dependent to grid or LCL filter parameters changes or required derivative calculations, what means they are still not simple enough for industrial applications. Similarly, the idea of a full grid voltage feedback signal added to the output of the current controller was introduced and studied as a method of current distortions elimination [17] . However, a literature overview of current control strategies under distorted grid voltage conditions stated, that no simple enough and effective solution has been proposed yet.
In this paper, the new control approach is presented, based on the band-stop filter of measured grid voltage in PCC, instead of capacitor voltage or current in the LCL filter. The obtained signal is added directly to the input of modulator in stationary αβ reference frame without any additional control loops, while classical PR controllers are used only to control fundamental harmonic of current. As a result, the simple and dynamic current improvement method under distorted grid voltage has been developed. Detailed description of proposed solution is organized as follows: Section II provides theoretical analysis in continuous time domain, where Bode characteristics show promising properties of developed method; in section III the new control strategy is presented with block diagram of the used algorithm; in Section IV the results of simulation research are described, and the experimental verification is presented in Section V. 
II. ANALYSIS OF GRID VOLTAGE HARMONICS EFFECT ON GRID-CONNECTED CONVERTER OUTPUT CURRENT
Generally, grid-connected PEC with commonly used LCL output filter can be treated as a controlled current source ( Fig. 1 ), but the scheme can evolve with respect to frequency range ( Fig. 1b ). Four regions in the frequency domain can be distinguished, which describes the contribution of PEC output voltage and grid voltage in obtained voltage/current harmonics ( Fig. 2) . Each region limits the operation scope of dedicated control structures. Region I contains only fundamental harmonic, which must be provided by the grid as well as the PEC to ensure proper energy exchange between them. Control in this region focuses on the implementation and tuning of linear current controllers applied in stationary (PR) or synchronous rotational reference frame (PI). Region II, which is the main scope of interest in this paper, is located above fundamental frequency and determined by the most common higher order voltage harmonics 2nd, 5th, 7th, 11th, and 13th, which frequencies are below 1 kHz. These harmonics are caused mainly due to the distorted grid voltage by sags or the asymmetric, nonlinear loads.
However, it is possible that the converter can also generates harmonics in region II, when it is not properly controlled (algorithm is not able to work with the distorted grid voltage at all or the compensation blocks are not working effectively) as well as in case of significant distortions caused by converter nonlinearities (e.g. dead-times, voltage drop on transistors etc.). In region II commonly used LCL filter has mainly inductive character with linear frequency characteristic since the capacitor in the filter is designed to compensate switching frequency component [18] .
Therefore, the transfer function of the filter with grid voltage input v g and filter current output i g can be described as:
where L 1 -filter inductance from the converter side, L 2 -filter inductance from the grid side, R 1 , R 2 -the inductors' resistances, L g -grid inductance, R g -grid resistance. The frequency characteristic of LCL and L filters with the same inductances are shown in Fig. 3 . It can be noticed, that these characteristics are overlapped bellow 1 kHz. Depending on the capacitance in the LCL filter, this region can be expanded.
Region III marked in Fig. 2 is related to LCL filter capacitor influence and possible resonances. Resonance is caused mainly by the PEC, so there are many active damping technics described in the literature [18] - [20] .
Finally, region IV is outside of PEC control ability and it includes switching frequency component. The harmonics compensation in this region is provided only by output LCL filters.
Because the solution proposed in this paper is focused on the mitigation of high-order harmonics of current caused by voltage distortions, only region II has been taken into consideration. As a result, the LCL filter has been simplified to the first order filter.
Considering this simplification, mitigation of grid current distortions can be applied by balancing of grid voltage harmonics by PEC's output voltage according to the equation:
Therefore, if grid voltage high-order harmonics v g are equal to PEC's voltage high-order harmonics v PEC , then the current i g caused by voltage distortions is equal to zero.
III. CURRENT HARMONICS MITIGATION METHOD
The proposed current harmonics mitigation method was applied to the Voltage Oriented Control (VOC) algorithm in stationary αβ reference frame as a case study ( Fig. 4 ), but it can be also effectively applied to many other control methods of grid-connected converters [21] . Presented VOC in Fig. 4 allows keeping referenced DC voltage V DC_ref by the outer control loop, which defines the reference amplitude of the fundamental current. Next, the current errors composed from referenced i α_ref , i β_ref and measured values i α , i β are eliminated by inner control loops, which set the converter output voltages (v α_ref , v β_ref ). If the grid voltages are symmetrical and pure sinusoidal, the converter currents are kept sinusoidal as well. However, the distorted grid voltage causes the higher order harmonics in the converter currents, which cannot be eliminated by classical VOC and it demands additional current distortion mitigation method [10] , [21] .
Based on (2), the control algorithm should be able to provide all higher order harmonics in the PEC output voltage like these already existing in distorted grid voltage. It can be simply achieved by using a band-stop filter on measured grid voltage v g at PCC (v α , v β ) and adding the obtained signal as a feedforward (v α_comp , v β_comp ) to the output of fundamental current controllers (v α_ref , v β_ref ).
The band-stop filter can be realized by using second order generalized integrator (SOGI) tuned to fundamental frequency:
which allows calculating the cut-off signal subtracted from grid voltage v g as it is shown in Fig. 4 . Then the filter can be described by the following transfer function:
Including the transfer functions of the L filter and the PR current controller, the considered system can be presented by block scheme shown in Fig. 5a .
Taking into analysis the proposed model presented in Fig. 5b , the frequency characteristic of the developed compensation method can be obtained (Fig. 6 ). All frequencies are well damped excluding the fundamental component. For fundamental harmonic, the magnitude gain is like for L filter without harmonic compensation method.
IV. SIMULATION RESULTS
The proposed current harmonics mitigation method has been implemented and studied in a simulation conducted in PLECS software. The model of the considered electrical system is shown in Fig. 7 . It includes voltage sources with selected higher order harmonics, grid impedance, LCL filter, PEC and load (parameters are presented in Table 1 ). The grid-connected converter has operated as an active rectifier, but the same results can be obtained regardless of the current flow direction. The grid voltage source has been distorted by 5 th , 7 th , and 11 th harmonics based on the maximum level allowed by standards IEC 61000-3-6 and IEEE 519-2014 [3] , [4] . The PECs connected to the grid sources or loads cannot cause/exceed the current distortions above values shown in Table 2 .
The PEC with simple VOC, where PR controllers (tuned only to fundamental harmonic) operate at distorted voltage causes the current distortion with 5 th , 7 th , and 11 th harmonics, where rms values are significantly above allowed levels ( Table 2 ). The obtained in that case current and voltage waveforms are shown in Fig. 8a, b . The calculated current THD was 18.8%, which exceeds the limit of 5% permitted by standards.
Implementation of the proposed current harmonics mitigation block (described in Section III), entirely changes operation performance (Fig. 8c) . As a result, the sinusoidal currents are provided regardless of the grid voltage distortion (Table 2) . Notice, that each current harmonic has been significantly decreased, what is additionally presented in Fig. 9 at frequency domain graphs (logarithmic scale of voltage and current axis). The THD of compensated current has reached an extremely low level in relation to the case without the current harmonics compensation block. Besides of simplicity of developed current distortion mitigation method, another important advantage is high dynamic.
The compensation process is obtained almost immediately after adding the signals v α_comp and v β_comp . Such a situation is shown in Fig. 10 , where the additional signals have been added to reference voltages (v α_ref , v β_ref ) in 0.4s.
Another important aspect considered by the researchers in literature is the influence of grid impedance changes on the control stability and effectiveness of current harmonics mitigation [8] , [22] . Therefore, in simulation analysis the proposed control method has been investigated for different grid impedances, assuming other values than presented in Table 1 . The results for 500 µH, 1 mH and 5 mH have been shown in Fig. 11 . The proposed current harmonic mitigation method is insensitive for the grid impedance changes and can be implemented regardless of the impedance in PCC.
In the next step of the simulation research, the random cases have been investigated, including different combinations of 5 th , 7 th , 11 th , 13 th , 15 th , 17 th harmonics, the increased voltage in one phase and asymmetrical dip.
The same advantage resulting from the compensation dynamic presents insensitivity to fast appearing grid voltage distortions. The proposed control method keeps the sinusoidal grid currents regardless of the grid voltage conditions (Fig. 12) , proving the excellent performance.
V. EXPERIMENTAL VERIFICATION
The results of the current harmonics mitigation method obtained in the simulation have been also verified in experimental research. The proposed control algorithm has been implemented in the dSpace 1005 control platform. The controllable voltage source with selected harmonics has been provided by Grid Simulator California Instruments 5001x. The block scheme of the experimental setup is identical to the scheme presented in Fig. 7 . However, the different parameters of voltage and power levels have been taking into consideration due to hardware limitations (Table 3) .
Similarly to simulation research, the voltages have been distorted by 5 th , 7 th , and 11 th harmonics, which levels correspond to standards [3] , [4] . In the first stage, the simple VOC with PR current controller tuned to fundamental frequency has been implemented, and the converter has worked as an active rectifier. Obtained voltages and currents waveforms are shown in Fig. 13a and Fig. 13c respectively.
Despite the low power of load the same norm of current harmonics levels had to be complied. The allowed levels of selected current harmonics have not been exceeded, but the more important THD of the current is very high 13,4% (Table 4) .
After the implementation of the proposed current harmonics mitigation method each harmonic level has been significantly reduced (Fig. 14) and the grid currents are sinusoidal with measured THD only 3.27% (Fig. 16d) . The result is not as good as in the simulation case, because the ideal switches have been used in the model. Moreover, the real experimental setup and implemented control algorithm are burdened with PWM signal delays and deadtimes, which have not been considered in the simulation.
During the experimental analysis, the high dynamics of the compensation process has been also verified ( Fig. 15 ). The current harmonics are immediately reduced when the compensation algorithm is activated, which proves the high dynamics and excellent performance of the proposed solution.
VI. CONCLUSION
This paper presents the effective and simple method of current harmonics mitigation under strongly distorted grid voltage conditions. Theoretical analysis, simulation and experimental validation in comparison to the classical method without compensation prove the usefulness of the proposed control solution. Following advantages were achieved:
• easy elimination of current harmonics in grid-connected converters operating at distorted grid voltage conditions,
• the simplicity of control implementation, which is attractive for industrial applications,
• the high dynamic of current harmonics mitigation, • simple control tuning process in comparison to other methods resistant to grid voltage distortions,
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